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We have investigated the band structure and the band symmetry of mixed-valence insulator SmB6
systematically within the density functional theory (DFT). We have analyzed the symmetries and
characters of Sm 4f and 5d bands near the Fermi level (EF ) in terms of the non-relativistic real
cubic bases as well as the relativistic complex bases incorporating the spin-orbit coupling and the
cubic crystal field. Further, we have found that the semi-core band located at ∼ 15 eV below EF has
the mixed parity and thereby affects the parity eigenvalues of the special k-points considerably. We
have discussed the possible surface states and topological class of SmB6, based on the bulk parity
tables.
PACS numbers: 71.15.Mb, 71.20.-b, 71.27.+a, 73.20.At
I. INTRODUCTION
SmB6 has been studied for decades as a typical mixed-
valence system1–5 and also as a Kondo insulator.6–8 Re-
search on SmB6 has been revived owing to the recent
suggestion of it to be a topological Kondo insulator.9–13
Then various follow-up experiments were actively carried
out to verify this issue.14–17 The topological insulator can
be identified by the existence of the in-gap states with a
Dirac-cone dispersion, and so several angle-resolved pho-
toemission spectroscopy (ARPES) experiments were re-
ported to probe the in-gap states.16–19 However, SmB6
has a very narrow band gap and a large effective mass
due to the hybridization between the localized f -electron
and conduction electrons, which makes it difficult to ob-
serve the clear in-gap states near the Fermi level (EF)
within the limit of the current experimental resolution.
Topological insulators are classified by four Z2 topolog-
ical indices ν0; (ν1ν2ν3), which distinguish between strong
(ν0 = 1) and weak (ν0 = 0) topological insulators and
give information on the surface topology protected by the
time reversal symmetry.20,21 The number of Dirac points
is odd on any surface of a strong topological insulator,
while it is even or zero for a weak topological insulator. If
the system has the inversion symmetry, four Z2 topolog-
ical indices can be easily obtained from the products of
parity eigenvalues.22 Hence, the information on the sur-
face topology can be inferred from the bulk band parity
eigenvalues at the high symmetry k-points. Therefore,
in the theoretical aspect, it is important to know the de-
tailed characters and symmetries of bulk band structures.
For SmB6, there have been a few ab initio band struc-
ture calculations. But the systematic analysis of band
symmetry, which is important in examining the topolog-
ical symmetry, is lacking. In this article, we have inves-
tigated electronic structure of SmB6 and determined the
band symmetries of its bulk band structure within the
density functional theory (DFT). Interestingly, we have
found a semi-core band having the mixed parity, which
affects the parity eigenvalues of the special k-points in
the bulk Brillouin zone considerably. We have discussed
the topological class of SmB6, and provided possible sur-
face states based on the bulk parity table.
II. COMPUTATIONS
We have employed the full-potential linearized aug-
mented plane wave (FLAPW) band method implemented
in Wien2k23 for the analysis of band structures. For
the structural relaxation, we have also used the projec-
tor augmented wave (PAW) band method implemented
in VASP.24 For the exchange-correlation, we have uti-
lized the generalized gradient approximation (GGA) of
Perdew, Burke and Ernzerhof. The spin-orbit coupling
(SOC) is taken into account in the second variational
scheme. For the band structures, we have used a 17 × 17
× 17 k-point mesh in the full Brillouin zone. The muffin-
tin radii in the FLAPW method were set to 2.50 a.u.,
1.54 a.u. for Sm, and B, respectively and the product of
the muffin-tin radius and the maximum reciprocal lattice
vector Kmax, RMT ·Kmax = 7. The maximum L value
for the waves inside the atomic spheres, Lmax = 10, and
FIG. 1: (Color Online) (a) Crystal structure of SmB6. (b)
The high symmetry k-points in the bulk Brillouin zone, and
the time-reversal invariant momentum (TRIM) points in the
(001) surface Brillouin zone.
2the largest G in the charge Fourier expansion Gmax = 12
were used in the calculations.
SmB6 has the simple cubic structure (space group:
Pm3¯m), as shown in Fig. 1(a). First, we have fully re-
laxed structural parameters of SmB6 in the GGA + SOC
using the VASP. We have stopped the relaxation when
forces exerted on every atom are smaller than 1 meV/A˚.
Resulting structure has the lattice constant a = 4.1062 A˚
and the atomic position parameter of boron x = 0.1992,
which are quite comparable to the experimental data a
= 4.1327 A˚ and x ∼ 0.2 at 100 K.25
III. RESULTS
A. Band structure and symmetry
Sm ion in SmB6 is surrounded by B cages located in
each corner of the cubic cell, and so electrons in the Sm
ion feel the cubic crystal field. As a result, in the ab-
sence of the SOC, Sm f states are split into three real
cubic harmonic bases, A2, T1, and T2 states, as shown in
Fig. 2(a), which are given by:
T1(x) =
√
7
16pi
x(5x2 − 3r2)/r3,
T1(y) =
√
7
16pi
y(5y2 − 3r2)/r3,
T1(z) =
√
7
16pi
z(5z2 − 3r2)/r3,
T2(ξ) =
√
105
16pi
x(z2 − y2)/r3,
T2(η) =
√
105
16pi
y(z2 − x2)/r3,
T2(ζ) =
√
105
16pi
z(x2 − y2)/r3,
A2 =
√
105
16pi
xyz/r3.
(1)
However, Sm f -electrons feel much larger SOC than
the cubic crystal field. Then, instead of the real cubic
harmonic bases, one needs to use the relativistic double
group bases that incorporate both the SOC and the cubic
crystal field26 (see the Bethe notations for the relativistic
crystal field splitting in Fig. 2(b)). For Sm3+ ion, f states
are split into lower J = 5/2 and upper J = 7/2 states,
and the lower J = 5/2 states in the presence of cubic
crystal field are split further into Γ−7 doublet and Γ
−
8
quartet (here − in the superscript denotes the negative
parity), which are given by
Γ7 =
√
5
6
∣∣∣∣Jz = ±32
〉
−
√
1
6
∣∣∣∣Jz = ∓52
〉
,
Γ
(1)
8 =
√
1
6
∣∣∣∣Jz = ±32
〉
+
√
5
6
∣∣∣∣Jz = ∓52
〉
,
Γ
(2)
8 =
∣∣∣∣Jz = ±12
〉
.
(2)
As shown in Fig. 2(c), Γ7 doublet have lobes along the
corners of the cubic lattice, whereas Γ8 quartet have lobes
along the axial directions: Γ
(1)
8 along x and y-axes and
Γ
(2)
8 along the z -axis. On the other hand, the upper
J = 7/2 states in the cubic crystal field are split into
Γ6 =
√
5
12
∣∣∣∣Jz = ±72
〉
+
√
7
12
∣∣∣∣Jz = ∓12
〉
,
Γ7 =
√
3
4
∣∣∣∣Jz = ±52
〉
−
√
1
4
∣∣∣∣Jz = ∓32
〉
,
Γ
(1)
8 =
√
7
12
∣∣∣∣Jz = ±72
〉
−
√
5
12
∣∣∣∣Jz = ∓12
〉
,
Γ
(2)
8 =
√
1
4
∣∣∣∣Jz = ±52
〉
+
√
3
4
∣∣∣∣Jz = ∓32
〉
.
(3)
FIG. 2: (Color Online) Crystal field splittings. (a) Sm 4f
levels in the absence of SOC are split into A2, T1, and T2
states in the cubic symmetry. (b) Sm 4f levels in the pres-
ence of SOC are split first into J = 5/2 and J = 7/2 states,
which are split further under the crystal fields of cubic (Oh)
and tetragonal (D4h) symmetry. The bases are represented
by Bethe’s relativistic double group notations. (c) Shapes of
wave functions of Γ7 and Γ8 belonging to J = 5/2 states. Un-
der the crystal fields of tetragonal (D4h) symmetry, Γ
(1)
8 and
Γ
(2)
8 in cubic symmetry turn into Γ7 and Γ6, respectively. (d)
Crystal field and the SOC splittings for Sm 5d levels. Γ8 of eg
states will be split into Γ7 (dx2−y2) and Γ6 (dz2), respectively,
in tetragonal symmetry.
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FIG. 3: (Color Online) Band structure of SmB6 in the GGA
+ SOC scheme. The band symmetries at high symmetry k-
points are given in terms of double group bases. The bulk
band gap of 0.018 eV and the splitting between J = 5/2 and
J = 7/2 bands of ∼ 1 eV are obtained.
Energy levels in the Oh cubic symmetry will be split
further when the symmetry is lowered to D4h tetragonal
symmetry, as shown in Fig. 2(b). The crystal field split-
tings from Oh to D4h symmetry actually occur in the
band structure along Γ-X or Γ-M direction, as revealed
in Figs. 3 and 4(a) below.
Sm d-electrons also feel the cubic crystal field. Since
the wave functions of d-electrons are spatially more
spread than those of localized f -electrons, Sm d-electrons
feel much stronger crystal field effect than the SOC ef-
fect. Since B cages are located on every corner of the
Sm-centered cube, eg states that have lobes away from
the anion B cages are lower in energy than t2g states that
have lobes along the anion B cages, as shown in Fig. 2(d).
Figure 3 shows the FLAPW band structure of SmB6
in the GGA+SOC scheme. The band gap of 0.018 eV is
obtained. It is seen that Sm f bands are dominant near
EF , and J = 5/2 and J = 7/2 states are below and above
EF , respectively. The splitting between J = 5/2 and
J = 7/2 states is about 1 eV, which is determined by the
SOC strength of 4f -electron in Sm atom. We performed
the basis-decomposition process for the 4f bands using
Eq. (2). Due to the crystal field, J = 5/2 band at Γ splits
into Γ−7 and Γ
−
8 with the separation of about 0.1 eV. It
is seen that, at Γ, Γ7 doublet is lower than Γ8 quartet.
Since the lobes of Γ7 are along the anion B cages, it is
tempting to conjecture that Γ7 would be higher than Γ8.
The seemingly opposite situation in Fig. 3 is expected to
occur due to the interaction between d and f electrons
in Sm ions. Note that the size of the wave function of d-
electron is much larger than that of localized f -electron,
and so the crystal field effect should be considered first
for the d-electron, which results in the lower eg states
in energy than the t2g states. Then the f -electron wave
functions are to be arranged in a manner to minimize the
Coulomb repulsion between d and f electrons. Since the
lobes of Γ8 and eg states are along the same directions,
the resulting larger Coulomb repulsion would yield Γ8
FIG. 4: (Color Online) Symmetry decomposed band struc-
tures of SmB6 with 10 times enhanced SOC of 4f -electron in
the GGA + SOC scheme. (a) Band symmetries of J = 5/2
band in terms of relativistic double group bases. (b) Band
symmetries of J = 5/2 band in terms of real cubic bases. The
bulk band gap of 0.043 eV and the splitting between J = 5/2
and J = 7/2 bands of ∼ 5.65 eV are obtained. Sm 4f band
hybridizes with Sm 5d band having eg symmetry to produce
the gap near X.
higher than Γ7.
Recent band structure calculations based on the
Gutzwiller variational method27 and the dynamical
mean-field theory (DMFT)28,29 show that the separation
between J = 5/2 and J = 7/2 band is much larger than
that of conventional DFT calculations. This is due to
the strong correlation effect of 4f electrons, which can-
not be captured in the conventional DFT calculations
such as the GGA + SOC scheme. Hence, in the conven-
tional DFT calculations, the splitting between J = 5/2
and J = 7/2 bands is obtained to be small so as to bring
about the unphysical overlap between them. That is why
the bands and corresponding wave functions at Γ and X
tend to have wrong symmetry and shape.
To separate J = 5/2 and J = 7/2 states farther within
the DFT+SOC, we have devised a scheme to adjust the
SOC strength of Sm 4f electrons artificially. We have
chosen 10 times enhanced SOC for Sm 4f -electron, which
gives the J = 5/2 and J = 7/2 band separation similar
to that from the DMFT.28,29 Figure 4 shows the band
structure obtained in this scheme. Note that J = 5/2
and J = 7/2 bands are well separated (∼ 6 eV), and so
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FIG. 5: (Color Online) Symmetry projected partial DOSs of
SmB6 with 10 times enhanced SOC of 4f -electron. (a) Sm
J = 5/2 DOS projected into the relativistic double group
bases. (b) Sm 5d DOS projected into the real cubic bases.
the band overlap between them is highly reduced. It is
seen that Sm d and B p bands below EF are also slightly
shifted up. But, apart from that, the band structure in
the vicinity of EF is almost identical to that in Fig. 3.
Only the band gap increases slightly from 0.018 eV to
0.043 eV. So we can use this band structure effectively
to analyze characters and symmetries of bands near EF .
The crystal field order in Fig. 4(a) is seen to be the
same as that of the bands with normal SOC strength in
Fig. 3. At Γ, J = 5/2 splits into lower Γ7 and higher Γ8
with the separation of about 0.1 eV. At X, the highest
J = 5/2 band has the X7 symmetry, which has the Γ7 ori-
gin (see the red colored band in Fig. 4(a)). Hence, in the
multiplet description, the ground state of SmB6 would
be Γ7, because the hole resides on the Γ7 state. This
feature indicates that it is essential to take into account
the Γ7-related band when modeling the band structure
of SmB6. This Γ7-related band is much more disper-
sive than the Γ8-related bands. The band width of Γ7
band is as much as 0.4 eV. Of course, the observed band
width in ARPES (10 ∼ 20 meV)16–19 is more than ten
times smaller than the present DFT band width, which
is ascribed to the band renormalization by the strongly
correlated 4f electrons.
Figure 4(b) shows the band structure with the real cu-
bic basis-decomposition using Eq. (1). Due to the artifi-
cially enhanced SOC of 4f -electron, the real cubic bases
are highly mixed up with each other. Nevertheless, it is
clearly shown that the highest X7 band has mostly A2
character, while the flat ∆6 band along Γ-X at −0.3 eV
has mostly T1 character.
Figure 5 shows the partial symmetry-projected den-
sity of state (DOS) of SmB6 with the enhanced SOC. In
Fig. 5(a), one can notice two sharp peaks separated by
∼ 0.1 eV, which correspond to mainly Γ8 and Γ7 of Sm
FIG. 6: (Color Online) Wave functions of SmB6 at high sym-
metry k-points. The wave function of the highest X7 state has
the contribution from B6 cluster, which has B 2p character.
J = 5/2 bands, respectively. It is seen in Fig. 5(b) that
the Sm 5d band that overlaps with Sm J = 5/2 bands
corresponds to mainly eg state. Focusing on eg states,
Γ8 states in cubic symmetry split into Γ6 and Γ7, which
have mostly dz2 and dx2−y2 component, respectively, at X
along the [001] direction in tetragonal symmetry.30 Hence
Γ8 at Γ in Fig. 2(d) will be split into ∆6 and ∆7 along X,
and the latter is to be hybridized with ∆7 Sm f -bands
near EF to give rise to the energy gap. But the latter is
not to be hybridized with flat ∆6 Sm f -band, as shown
in Fig. 4. Note that all the other Sm 5d bands are well
above EF (∼ 3 eV) except for the ∆7 band, which ex-
hibits large dispersion of approximately 3 eV.
Figure 6 provides the shapes of wave functions at high
symmetry k-points, which reflect the band symmetries
explicitly. At Γ, the lower Γ7 wave function has nodes
along the cubic axes, while the upper Γ8 wave function
has lobes along the cubic axes. These shapes are consis-
tent with those of Γ7, Γ
(1)
8 , and Γ
(2)
8 given in Fig. 2(c).
At X, the wave function of the highest X7 (lowest unoc-
cupied) band has the Γ7-like shape with nodes along the
cubic axes, while those of two lower bands (X7 and X6)
have the Γ8-like shape with lobes along the cubic axes.
Note that the wave function of the highest X7 has the
contribution from B6 cluster, implying the hybridization
with B 2p states. The wave functions at M and R show
similar symmetries of those at X and Γ, respectively. This
property is in agreement with the band symmetry dis-
cussed in Fig. 4(a). It is highly desirable to check these
band symmetries by the polarization-dependent ARPES
experiment.
5FIG. 7: (Color Online) Mixed parity semi-core band of SmB6
at −15 eV, which is composed of mainly B s and partially Sm
p and B p characters. Below −15 eV, Sm p3/2, Sm p1/2, and
Sm s core bands are shown in order from the top.
B. Mixed-parity semi-core band
We have found that the semi-core band located at −15
eV has the mixed parity, as shown in Fig. 7, which is quite
unusual for the core band. The mixed parity arises from
the mixing of bands of different parities. Namely, this
mixed parity band is composed of mainly B s character
and partially B p and Sm p characters. Below −15 eV,
there are Sm p3/2, Sm p1/2, and Sm s core bands, which
are well localized (see Fig. 7). In contrast, the mixed
parity semi-core band has some finite band width, which
is clearly seen in the DOS of Fig. 7. This indicates that
there is some hybridization between several atomic levels
to make the band character.
Now, we have turned our attention into the topologi-
cal symmetry in this system. Since SmB6 has inversion
symmetry, parity is good enough to investigate the Z2
topological number.22 If we consider all occupied states
TABLE I: The products of parity eigenvalues of the occupied
states (a) including core bands and (b) excluding core bands
for high symmetry k-points in the bulk Brillouin zone. Ta-
ble I(b) is exactly the same as ones recently reported by Lu,
et. al.27 and Deng, et. al.28
(a) Including core bands
Γ 3X 3M R
−1 −1 −1 +1
(b) Excluding core bands
Γ 3X 3M R
+1 −1 +1 +1
ky
kx
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-
-
-
-
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FIG. 8: (Color Online) (a),(b) Parities of TRIM points in
the surface Brillouin zone are given by the product of parity
eigenvalues of underneath bulk k-points. For example, the
parity (the so-called time-reversal polarization) of Γ¯ is given
by the product of parities of Γ and X. (a) and (b) belong
to TABLE. I(a) and (b), respectively, both of which yield
the same topological indices of a strong topological insulator.
(c),(d) Two possible candidates of Fermi surfaces in the (001)
surface Brillouin zone. Note that they can be realized from
either of two TRIM tables. According to (a) and (b), the sign
of the parity changes along Γ¯M¯ and X¯M¯ , which indicates
that the surface band crosses EF odd times. In contrast,
along Γ¯X¯, the surface band crosses EF zero or even times.
including core bands, we obtain parity products of Ta-
ble I(a), which are different from those of recent reports
by Lu et al.27 and Deng et al..28 On the contrary, if we ex-
clude core bands, we obtained the same parity products
as previous ones, Table I(b). In fact, both parity tables
give the same value of parity products, −1, which corre-
sponds to (−1)ν0 and so produce the nontrivial Z2 num-
ber of ν0 = 1. Also, concerning ν0; (ν1ν2ν3) indexation,
22
these two parity tables give the same 1;(111) class, in-
dicating the strong topological insulator, as shown in
Fig. 8(a) and (b). Therefore, despite that two parity ta-
bles have quite different bulk parities, they give the same
surface topology. In short, the mixed-parity semi-core
band gives rise to different bulk parities, but it does not
alter the surface topology in the present case.31 Even so,
when the products of parity eigenvalues are accounted
for, it would be safer to consider all the occupied states
including the core bands.
Figure 8(a) and (b) show parities of TRIM points in
the surface Brillouin zone, which are obtained from Ta-
ble I(a) and I(b), respectively. According to Fig. 8(a) and
(b), the sign of the parity changes along Γ¯M¯ and X¯M¯ ,
which implies that surface bands cross EF odd times.
Along the other directions, surface bands cross EF zero
or even times. Under these circumstances, Fermi surfaces
in the surface Brillouin zone can be realized in many dif-
ferent ways. In Fig. 8(c) and (d), we provide two possi-
ble candidates of Fermi surfaces in the surface Brillouin
6zone. In the former, there is one Fermi surface around
M¯ , while, in the latter, there are three Fermi surfaces,
one around Γ¯ and two around X¯. Recent ARPES exper-
iments16–19 observed X and Γ-point surface states near
EF , which corresponds to the surface topology shown in
Fig. 8(d). However, the surface states could be varied de-
pending on the surface termination. Therefore, it should
be carefully checked how the surface topology changes by
varying the surface termination.
IV. CONCLUSION
We have investigated band structures and their sym-
metries of SmB6 within the DFT level. We have found
the followings, (i) at Γ, Sm 4f band is split into lower Γ−7
doublet and upper Γ−8 quartet, (ii) at X, the unoccupied
4f band has X−7 symmetry that has Γ
−
7 origin, while (iii)
Sm 5d band that hybridizes with Sm 4f band has the eg
symmetry. We have also found that the semi-core band
located at about −15 eV has the mixed parity due to
mixed B s, p, Sm p band character, and so affects the
products of parity eigenvalues. Even though this mixed
parity band does not lead to different topological class,
this finding demonstrates that all the occupied bands in-
cluding core bands should be considered carefully to get
the correct topological symmetry.
Acknowledgments
This work was supported by the NRF (No.2009-
0079947) and the KISTI supercomputing center (No.
KSC-2013-C3-010). J.S.K. acknowledges support by the
NRF (No. 2011-0022444). J.D.D. is supported by the
U.S. DOE (No. DE-AC02-05CH11231). Helpful discus-
sions with J. W. Allen and K. Sun are greatly appreci-
ated.
1 R. L. Cohen, M. Eibschu¨tz, and K. W. West, Phys. Rev.
Lett. 24, 383 (1970).
2 M. Campagna, G. K. Wertheim, and Y. Baer, Topics in
Applied Physics 27, Springer-Verlag, Berlin (1979) p. 217.
3 M. Eibschu¨tz, R. L. Cohen, E. Buehler, and J. H. Wernick,
Phys. Rev. B 6, 18 (1972).
4 J. N. Chazalviel, M. Campagna, G. K. Wertheim, and P.
H. Schmidt, Phys. Rev. B 14, 4586 (1976).
5 E. Beaurepaire, J. P. Kappler, and G. Krill, Phys. Rev. B
41, 6768 (1990).
6 D. Mandrus, J. L. Sarrao, A. Lacerda, A. Migliori, J. D.
Thompson, and Z. Fisk Phys. Rev. B 49, 16809 (1994).
7 J. C. Cooley, M. C. Aronson, Z. Fisk, and P. C. Canfield,
Phys. Rev. Lett. 74, 1629 (1995).
8 J. Demsar, V. K. Thorsmølle, J. L. Sarrao, and A. J. Tay-
lor, Phys. Rev. Lett. 96, 037401 (2006).
9 M. Dzero, K. Sun, V. Galitski, and P. Coleman, Phys. Rev.
Lett. 104, 106408 (2010).
10 M. Dzero, K. Sun, P. Coleman, and V. Galitski, Phys. Rev.
B 85, 045130 (2012).
11 X.-Y. Feng, J. Dai, C.-H. Chung, and Q. Si, Phys. Rev.
Lett. 111, 016402 (2013).
12 V. Alexandrov, M. Dzero, and P. Coleman,
arXiv:1303.7224v2 (2013).
13 T. Takimoto, J. Phys. Soc. Jpn. 80, 123710 (2011).
14 D. J. Kim, J. Xia, Z. Fisk, arXiv:1307.0448v2 (2013).
15 D. J. Kim, S. Thomas, T. Grant, J. Botimer, Z. Fisk, J.
Xia, arXiv:1211.6769v3 (2013).
16 N. Xu, X. Shi, P. K. Biswas, C. E. Matt, R. S. Dhaka,
Y. Huang, N. C. Plumb, M. Radovic´, J. H. Dil, E. Pom-
jakushina, A. Amato, Z. Salman, D. McK. Paul, J. Mesot,
H. Ding, and M. Shi, arXiv:1306.3678v1 (2013).
17 M. Neupane, N. Alidoust, S.-Y. Xu, T. Kondo, D.-J. Kim,
C. Liu, I. Belopolski, T.-R. Chang, H.-T. Jeng, T. Du-
rakiewicz, L. Balicas, H. Lin, A. Bansil, S. Shin, Z. Fisk,
and M. Z. Hasan, arXiv:1306.4634v1 (2013).
18 H. Miyazaki, T. Hajiri, T. Ito, S. Kunii, and S. I. Kimura,
Phys. Rev. B 86, 075105 (2012).
19 J. D. Denlinger, J. W. Allen, J. -S. Kang, K. Sun, B. I.
Min, D. J. Kim, Z. Fisk, Proceedings of the SCES 2013.
20 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010), and references therein.
21 L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev. Lett. 98,
106803 (2007).
22 L. Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007).
23 P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kavasnicka,
and J. Luitz, Wien2k (Karlheinz Schwarz, Technische Uni-
versitat Wien, Austria, 2001).
24 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169
(1996); Comput. Mater. Sci. 6, 15 (1996).
25 S. Funahashi, K. Tanaka and F. Iga, Acta Cryst. B66, 292
(2010).
26 R. Pappalardo, J. Chem. Phys. 34, 1380 (1961).
27 F. Lu, J. Z. Zhao, H. Weng, Z. Fang, and X. Dai, Phys.
Rev. Lett. 110, 096401 (2013).
28 X. Deng, K. Haule, and G. Kotliar, arXiv:1308.2245v2
(2013).
29 Junwon Kim et al., unpublished.
30 Splitting of eg states at X depends on the k-direction. At
X along the [100] direction, eg states split into dy2−z2 and
dx2 , while at X along the [010] direction, they split into
dz2−x2 and dy2 .
31 The situation here is quite similar to that in the
gauge transformation.22 Namely, the gauge transforma-
tion changes the sign of time-reversal polarization of each
TRIM point, but the product of time-reversal polarizations
remains invariant.
